The chiral mono-faced binaphthyl strapped porphyrins were synthesized and 1 H NMR characterized. Asymmetric epoxidation of olefi ns such as styrene derivatives and trimethylsilyl ethylene with iodosobenzene as oxidant was achieved by using the iron complex as catalyst in the presence of a nitrogen ligand. Enantiomeric excess (ee) of 80% and yield of 88% were measured for the epoxidation of styrene in the presence of 4-phenyl pyridine. The coordination capability of nitrogen ligands to catalysts measured by UV-vis spectrophotometric titrations evidence that the unstrapped face of the mono-faced catalyst is blocked by the nitrogen ligand coordination to the iron ion of the catalyst.
INTRODUCTION
Studies with metalloporphyrins as oxidation catalysts were stimulated by attempts to model the behavior of the Cytochrome P450 monooxygenase (P450), which is one of the most attractive metalloenzymes [1] . In order to obtain effi cient and stable asymmetric catalytic system, scientists need to investigate extensively the structure and catalytic behavior of the active reaction center of P450. X-ray crystallographic analysis of Cyto. P450cam reveals that its active site is an iron protoporphyrin IX bound to a cysteine thiolate group of the chiral protein molecule [2] . The existence of axial cysteine thiolate ligand is of great signifi cance to the catalytic mechanism of P450. It is now agreed that the thiolate ligand is responsible for the formation of low-spin Fe III and it can also enhance the rate of the O-O cleavage of molecular oxygen [3] . More importantly, the thiolate ligand coordination of protoporphyrin IX induces the oxygen-transfer reaction exclusively within the chiral hydrophobic pocket of the reactive site (Fig. 1A) . Therefore, predominant approaching of the substrate to the chiral cavity causes high enantioselectivity oxidation [4] . Over the past two decades, design and synthesis of metalloporphyrin catalysts with novel chiral structures continued to stir great interest. Biomimetic asymmetric oxidation systems can be mono-and bisfaced metalloporphyrin models, depending on whether one or both faces of the macrocycle have substituents. Mono-faced systems are, to some degree, more realistic biomodels, while the high selective and practical monofaced catalyst systems constantly require the addition of the axial ligand to block the unsubstituted face, not the substituted face of the porphyrin catalyst [5] . The monofaced models have been studied by several groups [6] [7] [8] [9] from the 1980s to 1990s.
Later, much effort has been devoted to the design and preparation of the bis-faced porphyrin catalysts with novel chiral structures, in order to generate better catalysis [10] [11] [12] [13] . The wide variety of stereochemically related biomimetic models, together with elucidation of different mechanistic pathways, will undoubtedly further the understanding of the intimate working of P450 and the ability to produce effi cient mono-faced porphyrin catalysts. In 2004, a chiral binaphthyl strapped "seat" iron porphyrin was synthesized, 97% ee and up to 16000 turnovers was obtained while maintaining 80% ee for styrene epoxidation [14] , proving that this catalyst has a suitable chiral cavity for asymmetric epoxidation of terminal olefi ns. Herein we describe the synthesis of the corresponding chiral
RESULTS AND DISCUSSION

Synthesis and characterization
The mono-faced chiral porphyrin 4a was synthesized by condensing the freshly prepared diacid chloride 2 with ααββ-tetrakis (o-aminophenyl) porphyrin (3a) in the presence of N,N-diethylaniline following the method in reference 14 (Scheme 1). It is worth noting that 55% reproducible yield of the ono-faced 4a has been afforded, whereas 31% yield of the bis-faced porphyrin 5a was obtained under similar conditions except that the molar ratio of 2 and 3a was 2:1. This proves that the synthesis of 4a is easier than that of 5a. One group is over and inside the porphyrin plane, where it experiences a high upfi eld singlet at -0.40 ppm, caused by strong ring current effect; another methoxy group is over and outside the porphyrin ring, where it experiences the decreased upfi eld singlet at 2.06 ppm. The infl uence of these two positions of methoxy groups is very signifi cant for the substrate to approach the catalytic center, which will be discussed later.
Asymmetric oxidation
In a typical reaction, one equiv. of catalyst, 100 equiv. of iodosylbenzene and 1000 equiv. of substrate were used under degassed CH 2 Cl 2 at 0 °C in a Schlenk tube. Enantiomeric excesses and yield were determined by GC measurements. The catalytic epoxidation results for a number of olefi ns are listed in Table 1 . For comparison purposes, the catalytic results obtained with the nonchiral porphyrin template 3b and the bis-faced porphyrin 5b (Scheme 1) are also reported in Table 1 and 21-28). Obviously, the effect on the enantioselectivity for catalyst 4b is signifi cantly different in comparison with those for both 3b and 5b catalysts. In the absence of axial ligand, 5% ee was obtained for the epoxidation of pentafl uorostyrene catalyzed by 3b (entry 1). In the presence of pyridine, the ee% remained the same, the epoxidation rate decreased signifi cantly from 7.0 TON/min to 1.0 TON/min and the yield also decreased from 75% to 67% (entry 2). Substituted pyridines such as 4-PhPy and 4-t-BuPy worked similarly as pyridine (entries 3 and 4), and other substrates such as styrene also show similar catalytic result. In fact, after the addition of a nitrogen ligand, 3b tends to form a six-coordinated complex with nitrogen ligand, which is undesirable for the formation of the active intermediate Fe(V)=O [15] . Therefore, both the epoxidation rate and the yield decrease. Axial ligand is not suggested to add to the less-hindered symmetrical iron porphyrin system [16] .
The presence of nitrogen ligand signifi cantly improves the enantioselectivity of the mono-faced 4b (entries [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . For the epoxidation of pentafl uorostyrene catalyzed by axial ligand-free 4b system, 25% ee, 65% yield and 4.3 TON/min oxidation rate were formed (entry 5). In the presence of nitrogen ligand, the epoxidation occurred with 77-83% ee. Besides, the yield and epoxidation rate were both improved (entries 6-8). Similarly, styrene, 4-nitrostyrene and trimethylsilyl ethylene were enantioselectivitily epoxidized in the presence of nitrogen ligand in 72-81% ee and 72-92% yield (entries 10-12, 14-16, 18-20) .
The asymmetric catalysis of the reaction relates to the structure of the strap in 4b. By theoretical computation [17, 18] , the viable minimum energy conformation of 4b was investigated (Fig. 2) . Compound 4b possesses a rigid chiral cavity formed by binaphthyl group and two methoxy groups which are near to the central iron, it is proven that this chiral cavity can effi ciently control the orientation of the substrate approach on the central metal of the catalyst [14] . In the absence of the axial ligand, the epoxidation is considered to occur predominantly on the less hindered unstrapped face of the catalyst 4b (Scheme 2), the derived low enantioselectivity indicates that the chiral strap part of the 4b is not effi cient for the enantioselectivity of the reaction. Furthermore, the formation of the unreactive µ-oxo dimer could not be well prevented and low yield was resulted. In the presence of axial ligand, because of the steric hindrance of the strapped face of the catalyst 4b, the nitrogen ligand tends to coordinate with the metal ion from the nonstrapped face of the catalyst (Scheme 2), the undesirable six-coordinated iron complex was not leaded and the oxidation reaction at the less hinded side of the porphyrin could be blocked. It is noted that the effect on the enantioselectivities of the bulky ligands such as 4-t-BuPy and 4-PhPy are signifi cant in comparison with that of pyridine (entries 6-8, 10-12, 14-16 and 18-20).
For the epoxidation system catalyzed by the bis-faced porphyrin 5b, the addition of the axial ligand has no obvious effect on the enantioselectivity, though the yield decrease slightly (entry 21-28). Both sides of the porphyrin plane of 5b have chiral cavities, and the corresponding steric hindrance causes the nitrogen ligand to not coordinate with the metal ion in 5b/nitrogen ligand system. Therefore, the nitrogen ligand then competes with the substrate for the epoxidation, which causes the decrease of the epoxidation rate and yield. It had been proven that this kind of chiral cavity can effi ciently both prevent the entering of the three nitrogen ligands to the cavity respectively and control the directional approach of the substrate to the active site Fe(V)=O of 5b.
Coordination capability of axial ligands to porphyrins
The coordination capability of axial ligands to 3b, 4b and 5b were examined by UV-vis spectrophotometric titration measurement [19] . The binding constants and binding numbers were shown in Table 2 . For the non-strapped porphyrin 3b, the addition of either the unhinded Py or the bulky bases 4-t-BuPy and 4-PhPy showed the typical absorption of six-coordinated complex FeTAPP(L) 2 Cl (Fig. 3) . The binding numbers were about 2, and the binding constants were estimated to 1.5-8.2 × 10 5 dm 6 .mol -2 . Mono-faced 4b exhibited different binding behavior from 3b (Fig. 4) . For the three nitrogen ligands listed in Table 2 , the coordinated number is 0.9-1.2, which means only one ligand can coordinate to 4b, the binding ability order is Py > 4-PhPy > 4-t-BuPy, which is the same as for 3b. The coordination of the three nitrogen ligands to 5b can hardly be calculated. The visible spectra change of 5b in the presence of varying amounts of these three ligands exhibited relatively contrast to both 3b and 4b. Within the range up to 1.0 × 10 -1 M, the visible spectrum of 5b was nearly the same as that of the ligand-free solution, which means both the bis-L complex and the mono-L complex were not formed, even the less hindered pyridine cannot occupy the axial position of 5b. It is proven again that the suitable size of the chiral binaphthyl cavity can efficiently prevent the cavity-inside coordination of pyridine derivatives to metal ion of 4b and 5b porphyrin.
The viable minimum energy conformations of porphyrin 4b (Fig. 2) and the three nitrogen ligands were calculated [17] . For 4b, the chiral binaphthyl bridging unit is about 4.9 Å above the porphyrin plane. For the blocking ligand Py, 4-t-BuPy and 4-PhPy, the axial size (distance between the N atom and the corresponding farest H atom) is about 3.8, 6.1 and 8.1 Å, respectively, the axial Fe-N bond is usually about 1.8 Å, which means even the sterically unhindered Py is large enough to be incorporated into the strapped cavity, thus their coordination to 4b is likely to occur specifi cally on the open face of the porphyrin plane.
EXPERIMENTAL General remarks
All reagents were supplied commercially unless otherwise noted and solvents were purifi ed and dried according to established procedures. 1 H and 1 H-1 H COSY spectra were performed on a Varian INOVA 500Nb spectrometer and referenced to the residual solvent signals. UV-vis spectra were recorded on a Perkin Elmer Lambda 20/2.0 spectrometer. GC analyses were performed on Aglient Technologies 6890N chromatographs with fl ame ionization detector and using capillary column and chiral capillary column, respectively. Nitrogen was used as the carrier gas.
Typical procedures for asymmetric epoxidation
Epoxidations were carried out using the following standard conditions: a mixture of the catalyst (1 µmol), olefi n (1.0 mmol), nitrogen ligand (10 µmol) and 1,2,4-trichlorobenzene (160 µmol, as an internal standard), in freshly distilled and degassed CH 2 Cl 2 (2 mL), was stirred under N 2 in a dry 1.5 cm diameter Schlenk tube at 20 °C. After addition of PhIO (0.1 mmol), aliquots were taken, purifi ed over a short silica-gel column chromatography and monitored by GC at appropriate intervals. Enantiomeric excesses were determinated using Lipodex-E capillary chiral column. The retention times were compared to those of standard racemates. The yield of the reactions was calculated on the base on consumed PhIO on capillary column.
UV-vis spectrophotometric titrations
To a solution of ca. 10 -6 M of porphyrin (3b-5b) in CH 2 Cl 2 , a solution of nitrogen ligand in CH 2 Cl 2 was added at 25 °C. Changes in the absorbance of Soret band of the porphyrin were monitored at different concentrations of the nitrogen ligand in the range of 10 -6 -10 -1 M. The nitrogen ligands are pyridine, 4-phenyl pyridine and 4-t-Bu pyridine.
Method of calculation
Hybrid Hartree-Fock/density-functional-theory (DFT) method was performed with the spin-unrestricted version of the B3LYP method and 6-31G basis set [17] . The Gaussian 98 program was used for the DFT computations [18] . 
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CONCLUSION
In conclusion, using the chiral mono-faced binaphthyl strapped porphyrin 4b as catalyst, the asymmetric epoxidation of olefi ns in the presence of nitrogen ligands pyridine, 4-phenyl-pyridine and 4-t-Bu-pyridine respectively has been investigated. The results are compared with the non-strapped porphyrin 3b and bis-faced porphyrin 5b. The binding constants and binding numbers of nitrogen ligand to porphyrins 3b, 4b and 5b were measured using UV-vis spectrophotometric titrations. The following conclusions can be drawn: (1) In the absence of nitrogen ligand, the reaction proceeds on the unstrapped open face of catalyst 4b; (2) in the presence of nitrogen ligand, the epoxidation predominantly occurs on the strapped face of catalyst, thus satisfactory enantioselectivity was obtained due to the suitable chiral cavity size of the catalyst.
